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G645, 1997. — ^Distui^anoes in hepatic pH homeostasis are 
thought to participate in the functional damage to liver grafts 
caused by liie cold preservation and warm reperftision neces* 
sitated by transplantation surgery. We have used an in vitro 
model of isolated rat hepatocytes suspended in cold Univer- 
sity of Wbconsin (UW) solution and subsequently cultured at 
37'C to evaluate liver cell pH regulatory mechanisms after 
cold preservation and rewarming. Cells were kept for up to 72 
h in cold UW solution, and at 24-h intervals intracellular pH 
(pHj) was measured after 60-90 min of warm culture by 
cytofluorometry using the fluorochrome 2',7'-bis(carboxy- 
ethyl)-6(6)-carboxyfluorescein. When challenged with an alka- 
line load by isohydric HCO3 -CO2 steps, hepatocjrtes exhibited 
similar maximal pHi values and recovered at the same rate, 
irrespective of cold storage time, indicating that Cl'/HCOj 
exchange activity is quite resistant to hypothermic storage 
and sxibsequent rewarming. In parallel studies, cells were 
subjected to an add load by the NH4CI pulse technique in 
bicarbonate buffer containing 50 jiM ethylisopropylamiloride 
to block Na*/H* exchange. Despite similar nadir pHi Qowest 
pHi values due to add load), the subsequent pHi recovery rate 
that reflects Na'*'«<HC03 )a cotransport activity was increased 
significantiy after hypothermic preservation. Hepatocytes 
were also perfused with a bicarbonate-firee JV^2-hydroxyethyl- 
piperazine*iNr-27ethanesulfonic add buffer, and Na'^^'*' ez- 
duunge activify was evaluated using the same add load 
protocol. Although cells always exhibited similar steadyrstate 
initial pHi and nadir, the rate of pH| recovery decreased 
significantiy as a function of cold storage time in UW solution. 
Fhially, intracellular buffering capadty was calculated from 
the sudden pH| changes induced by HC0J-C02 steps or 
NH4CI pulses and was found to remain stable throughout the 
72 h of cold preservation. . Therefore, the results strongly 
suggest that cold preservation and rewarming disturb hepato- 
cellular pH regulatory mechanisms by attenuating Na'^/H^. 
exchange and increasing Na^-(HCOj')n cotransport, whereas 
Cl'/HCOj exchange is not affected. 

University of Wisconsin solution; hydrogen ion concentration; 
ammonium chloride pulse; isohydric bicarbonate step; liver 
traxisplantation 



since! the advs^H' of preservation solutions sudi as 
University of Wisconsin (UW) solution, the success rate 
of Jiver transplants has significantly increased. Tlus' 
solution elaborated by Beber and Southard (1) ex- 
tended the safe cold preservation time of the donor liver 
firom 8 h to ^^20 h (13). Despite this improvement, a 
number of transplanted livers still sufEer serious injury, 
independent of iitiVnune rejection (36), which results in 
borderline function or primary nonfiinction (6, 13, 35). 
In these cases, graft injury is due mainly to damage 



that occurs in the liver during cold storage and/or 
during subsequent warm reperfusion (5). Several hy- 
potheses have been brought forward to account for such 
"transplantation iiyury.'' Most studies have implicated 
the production of free radicals (9, 34), as well as 
disturbances of cellular calcium (22), volume (23, 33) 
and pH (11, 12, 19) homeostasis, as causes of this 
injury. 

For instance, during cold preservation, the liver 
imdergoes metabolic acidosis due to the anaerobic 
metabolism imtiated**duringliypb hypothermia. An 
accumulation of lactic add, protons, and other acid 
equivalents ensues (12). Such intracellular acidosis can 
activate lysosomal enzymes and may thus lead to 
lysosomal and, eventually, cellular lysis (8). Other 
studies have also shown that low cellular pH values can 
enhance the deleterious loss of membrane integrity 
induced by the production of oxygen free radicals 
during ischemia in liver tissue (19). 

However, contradictory results have been obtained 
concerning the imphcation of pH changes in the dam- 
age caused to the liver by ischemia and reperfusion. lie 
and Ukikusa (20) reported that an alkaline flush-out. 
solution is more beneficial than physiological or acidic 
pH in prolonging the ischemic tolerance time of the 
liver. C>thers found no significant dififerehce in liver cell 
viability within 48-72 h of cold storage when the 
extracellular pH of thei^-2-hydroxyethylpiperazine-N'- • 
2-ethanesulfonic add (HEPES)-buffered culture me* 
dium was varied between 5,0 and 8.5 (11). Recentiy,. 
Gores et al. (15) showed that addification of the UW 
storage solution improved the viability of perfused rat 
livers, whereas the viability of orthotopic rat liver 
transplants was worsened. Finally, two studies showed 
tlTat hepatic intracellular pH (pHi) becomes add during 
anoxia (19) and simple cold storage (31) but returns 
rather rapidly to its normal value on reperfusion. 
Hence, it is still unclear how pHj changes are^nvolved 
in the deleterious effects of cold storage and warm 
reperfusion on liver grafts. Moreover, most studies on 
the effect of cold ischemia-reperfiision on liver pH 
homeostasis have been concerned with steadyrstate pHi 
and not the activity of pH regulatory mechanisms. 

Indeed, we know that steady*state pHj results from 
an equilibrium between metabolic add-base production 
and the activity of membrane transport proteins in- 
volved in pHi homeostasis. In liver parenchymal cells, 
pHi is maintained within narrow limits by the Na**^/!!* 
exchanger (26, 28) and the Na*^-(HC03 )„ cotransporter 
(10, 14, 29), two proton-extruding proteins located at 
the basolateral membrane, and by the Cl'/HCOj ex- 
changer (2, 24), an acid-loading transporter located at 
the apical membrane. The activities of the Na'^/H'^ and 
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Cl^/HCOa exchangers are modulated by pHj (2, 28), 
and both participate in regulatory volume increase 
(RVI) mechanisms (7). Liver Na*/H+ exchange activity 
is also modulated by growth factors such as epidermal 
growth factor (27), but not by insulin (17). In contrast, 
little information is available regarding the regulation 
of Na+-(HC03 )« cotransport and CI-/HCO3 exchange 
by hormones (3). 

Very few studies have directly addressed the impact 
of cold preservation and rewarming on hepatocellular 
pH regulatory mechanisms. We have therefore set out 
to study the^fifect of cold storage in UW solution on the 
three major membrane transporters implicated in hepa- 
tocyte pH homeostasis: the Na-'-dlCOpn symport and 
the Cl^/HCOj and Na+/H+ exchangers. Using an in 
.vitro* rat hepatocjrte model, we foimd that the CI*/- 
HCO3 exchanger activity remained rather stable, even 
after prolonged cold preservation in UW storage solu- 
^en subsequent short-term culture at 37''C. Na*- 
(HCO3 )„ cotransport activity was increased after hypo- 
thermic storage, indicating that this pH regulatory 
mechanism is disturbed by cold preservation and re- 
warming. In contrast, hepatocellular Na"*^/!!* exchange 
activity significantly decreased as a function of hypo- 
thermic storage time. Thus cold storage and rewarming 
specifically alter the Na+/H+ exchanger and the Na"^- 
(HCOg)^ symport, whereas the CI-/HCO3 exchanger 
appears to be more resistant. The observed perturba- 
tions in pH regulatory mechanisms may contribute to 
compromise the capacity of liver grafts to adequately 
face the important metabolic demands of the recipient 
and, hence, may participate in transplantation injury. 

MATERIALS AND METHODS 

Animals. Male Sprague-Dawley rats weighing 150-175 g 
(Charles River Laboratories, St. Constant, PQ, Canada) were 
anesthetized with pentobarbital sodium (50 mg^ ip; C. D. 
M. v.. St. Hyacinthe, PQ, Canada) before surgery. All experi- 
mental protocols were accepted by the University Ethics 
Committee, and the animals were treated in accordance with 
the guidelines of the Canadian Council on the Care of 
Laboratory Animals. 

Hepatocyte preparation, Hepatocytes were isolated by coUa- 
genase perfusion of the liver, as described elsewhere (17), 
Purified hepatocytes were suspended in Belzer's UW cold 
storage solution (Dupont, Wilmington, DE) and allowed to 
stand undisturbed for 24, 48, or 72 h at 4*C in stoppered 
conical tubes containing ambient air. Control ceUs (0 h) were 
used immediately after isolation. After the designated time 
period, the hepatocytes were removed from ttie UW solution 
and resuspended in a culture medium devoid of hormones 
(Williams E culture medium, Sigma Chemical, St Louis, MO) 
before cell viability was evaluated by exclusion of the dye 
trypan blue. Isolated hepatocytes were then seeded onto glass 
coverslips coated with rat tail collagen (type 4, Sigma Chemi- 
cal) or MatrigeKCoUaborative Biomedical Products, Bedford, 
MA) at a density of 8-10 X 10» cells/mL The cells were 
incubated for 60-90 min at 37'C in a humidified 5% COr95% 
O2 atmosphere before they were used in the experiments. 
These conditions were selected to mimic in vitro the cold 
storage and warm reperfusion und^gone by grafted livers in 
the clinic. This in vitro model has successfully been used by 



our laboratory (33) to study the impact of cold preservation 
and rewarming on hepatocyte volume regulatory function. 

Measurement of pHi. The pHi was measured by ratio 
fluorescence microscopy using the proton fluorochrome 2',7'- 
bi8(carboxyethyl)-5(6)-carboxyfluorescein (BCECF; Molecu- 
lar Probes, Eugene, OR). Briefly, coverslips with adhered cells 
were placed on the stage of an inverted microscope (Olympus 
IMT-2) couple i to a spectrofluorometer (Deltascan RF-D4010, 
Photon Tbchnology International, London, ON, Canada). In 
each experiment, groups of 6-10 closely apposed cells having 
well-defined cell borders and uniform cytoplasm were se- 
lected. After the measurement of autofluorescence, hepato- 
cytes were covered for 5-10 min with a buffer containing the 
cell-permeant acetoxymethyl ester derivative of the fluores- 
cent dye BCECF at 5 pM. Thereafter, cells were periiused (2 
ml/min) with the appropriate thermostated and gassed solu- 
tions (see below). BCECF acetoxymethyl ester was prepared 
as a 1 mM stock solution in 95% ethanoL Ethylisopropylamilo- 
ride (EIPA; Research Biochemicals International, Natick, 
MA) was prepared as a 50 mM stock solution in dimethyl 
sulfoxide. Details of pHj^calibration and pH data acquisiticm 
and analysis are described e^^ 

Measurement ofCl'lHCOl exchange activity. d'/ECO^ 
exchange activity was measured by isohydric HC0J-C02 
step, as previously described (2). Briefly, cells were first 
exposed for 20 min to a modified Krebs-Henseleit buffer (in 
mM: 95 NaCl, 5 KCl. 5 glucose, 1.8 CaCl2, 1.2 MgS04. 1 
Na-pyruvate. 0.2 K2HPO4, 0,4 NaH2P04) containing 50 mM 
NaHCOa gassed with 10% COr90% O2 (pH 7.4 at 37'C). On 
reaching a new steady-state pH|, cells were alkalinized 
rapidly by simultaneous reduction of NaHCOj to 25 mM 
(isosmotically replaced by NaCl) and CO2 to 5% (Fig. lA), 
thus maintaining extracellular pH constant at 7.4. Previous 
studies have demonstrated that Cl'/HCOj exchange is the 
principal mechanism that returns pH toward baseline in 
such conditions (27). The initial recovery rate was obtained by 
measuring the tangent of the pHj vs. time curve over the first 
60 8 after maximal pHi was reached. 

. Measurement of Na'^-CHCOah cotransport activity. Cells 
were perifiased with a normal Krebs-Henseleit buffer (in mM: 
120 NaCl, 5 KCl, 5 glucose, 1.8 CaCla, 1.2 MgS04, 1 Na- 
pyruvate, 0.2 K2HPO4, 0.4 NaHaPO^) containing 25 mM 
NaHCOa and gassed with S% C02-95% O2 (pH 7.4 at 37'*C). 
Na-^-dlCOpn cotransport activity was determined after an 
acid load induced by an NH4CI pulse, as described by Boron 
and De Weer (4). Briefly, cells were exposed for 2 min to a 

• solution containing 20 mM NH4CI (isosmotic replacement of 
20 mM NaCl). On removal of the NH4CI, pHi is decreased and 
the recovery toward steady state is the result of the activity of 
acid-extruding mechanisms: Na-^-dlCOg )„ cotransport and 
Na*/H+ exchange. To isolate Na+-(HCOg )„ cotransport activ- 
ity fit>m Na+/H* exchange. NKUCl was washed from the cells 

* with a normal Krebs-Henseleit solution containing the selec- 
tive Na+/H+ exchange inhibitor EIPA at 50 pM (Fig. IB) (37). 
Na+-(HCOg )n activity was determined from the initial pH 
recovery rate in the presence of EEPA^btained by measuring 
the tangent of the pHi vs. time curve over the first 60 8 after 
nadir pHi (lowest point) was reached. 

Measurement ofNa-^IH* exchange activity, Tb minimize 
the' effect of the Na^-dlCOp^ cotransporter and other 
HCOj-dependent mechanisms and, thus, to isolate the activ- 
ity of the Na+/H+ exchanger, all experimental solutions used 
for this set of studies were devoid of HCO3 and contained 0.1 
mM acetazolamide, an inhibitor of carbonic anhydrase, to 
limit endogenous HCOj production. Thus hepatocytes were 
perifiised with a buffer containing (in mM) 138 NaCl. 10 
HEPES, 5 glucose, 3.8 KO, 1.8 CaClj, 1.2 KtiLaPO*, 1.2 
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MbSO«. and 1 Na-pyruvate (pH 7^4 adjusted f ^ wrth 
nSh) and gassed with 100% O,. The ac^^ of the Na /H^ 

S^er also determined by the NH4CI pulse method 
described above (Fig. IC). In such bicarbonate-free condi- 
ti^ the rate of pH, recovery subsequent to NH4CI removed 
refierts hepatocyte Na*/H* exchange activity, as established 
^Ssly by uTTnd others (17. 28). The imtial re^cry rate 
WM obtained by measuring the tangent of the pH, vs. tune 
Ti^e the first 60 8 after nadir pH, Oowest point) was 

"iS^^uior burring capacity. The i«tf 
capacity (61) of the wti^cellular compartment was estimated 
Sr usini Se rapid pH, changes observed on the withdrawal of 
NHUCl ia bicarbonate-free conditions, as previously described 
by^is (17) and others (30). SimUarly, we estimated pjfrom the 
instantaneous pHi changes induced by isohydnc HCOj-OO, 
steps, as described by Maori etal. (21). 
■ Statistics. The effects of the various expenmental condi- 
tions were evaluated by repeated mewures analysis of vwi- 
ance (ANOVA) using the SigmaStat software padwgc (Jai^l 
Scientific San Rafael, CA). At each preservation time, deter^ 
- ^natioM were made in two to. five (Merent cwerslips.fo' a 
rilen ceU preparation. We used the ayera^ of ipuiaple 
determination ti compare results, paired in time, for eadli 
cell pr«paration. Data are thus presented as means it SE 
^Z4resentingthenumberofceUpreparat.ons(amm^) 

rather than the number of eyenmmte ^^f'^^^^: 
Because of the known dependence of Na+/H* and Cl /HCO, 
exchange activity on pH, and of thevariabdity « nadrr 
max^ i)H, values obtained after NH4CI pulses or isohydnc 
HCO:/(3G2 steps, we also performed an analysis of »varianM 
between hdti^ recovery rattf (dpH/d* ) and pH, at the mid- 
point of the 1-min interval over which the recove^ njte^ 
i^asured. Tlus analysis was performed using the SYSIAT 

• software package (SYSTAT.Evanston,IL). 

RESULTS 

Hepatocyte viabUity. Cellular viabUity was evaluated 
at 24-h intervals, between 0 and 72 h of cOld preserva- 
tion in UW solution, by the trypan blue exclusion test. 

• Hepatoc^ viability dcCTeased gradually and sigmfi- 

87.4 ± 1.0% at 0 h to 82.7 ± 1.1, 78.8 ± 1.4, 

Fig: 1. A: typical response of hepatocellulai intraeeUular pH (pHO to 
iBohydric HCO;-CO, steps. In cells subjected to.an isohydnc rtep 
^STmM HC0,-.5% C5^ (25«) to 60 -"M HC0^10* C^(5W^ 
riS. decreased by ^0.1 pH unit, then gradually recovwedXelto w«e 
^ Sload^ by ^tum to 26 mM HCOJ-5% CO.. 11*-.^""* . 
pa toSe by -0.16 pH unit IiitraceUular >>»fff^ 
Seated by thU sudden change in pH. white Cl'/HfO, «^ 
activity was measured as imtial slope of subsecjuent pH. p?«^ 
Sver fast 60 s. B: typical response of hepatoceUular PHito »» 
puUe in Krebs-Henseleit buffer. Oils were subject^ ^ ^ 
NKUCl in bicarbonateH»ntaining Kwbs-Henseleit bu&r te2 m^. 
Xdd load caused by withrawal of NH.C1 is countered 
action of Na*/H* exchanger and NaVHCO,). symport (^HPA 
S. ^^oTof e^ethylisopropylamaonde ®PA). a potort 
and selectivo inhibitor of Na*/H* exchanger (37). allows measure 
S^rJWment of recovery due to NaMHCOJ). .«^»ff 
activi^(+EIPA trace). This activity was measured as initud slope of 
nttiSoverv in presence of EIPA over first 60 s. C: typical respon^rf 
SSSi^to an 1^401 pulse in HEraS buffer. Cdls w«e 
sXectedto20UNH«(ninbicarbonaU^fij«HEI^t^^^ 
ing 0.1 mM acetarolamide for 2 min. Suddoi withdrawd of NRiW 
^Ised pH, to decrease abruptly by -0.3 pH unit bdow rm^^ 
SteaceuSkr buffering capacity was estimated by das d«nge 
in pHu whUe Na*«* exchange activity was measured as initial slope 
of su^equent pHs recovery over fast 60 s. 
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and 76.0 ± 1.5% at 24, 48, and 72 h, respectively (P < 
0.001 for each preservation time by ANOVA), as also 
observed in a parallel study (33). 

Hepatocellular Cl'/HCO^ exchange. In a first series 
of experiments, we assessed the activity of the Cl~/ 
HCOJ exchanger after cold preservation and rewann- 
ing by submitting the hepatocytes to an acute alkaline 
load by isohydric HCOa -COg steps (2). When exposed 
for 20 min to 50 mM HCOs-lO^ CO2, steady-state pHj 
equilibrated to 7.11 ± 0.01 in cells kept for 72 h in cold 
UW solution. This was lower than 7.16 ± 0.01 obtained 
in controls (0 h), but this effect did not reach statistical 
significance ("initial pHj,"? = 0.130; Table 1). When the 
perfusate HC0^-C02 content was suddenly decreased 
from 50 mM HCO^10% CO2 to 25 mM HCO3 -5% COa, 
hepatocyte pHj rapidly increased by -0.16 pH unit 
(Fig. lA). The extent of this alkalinization was not 
significantly affected by cold preservation time (P = NS 
- by repeated measures ANOVA). Consequently, as witt 
initial pHi, the maximal pHi reached after the isohydric 
step had a tendency to be lower as cold storage time 
increased (P = 0.108 for maximxmi pHi; Table 1). 
However, initial pHj recovery rates from this alkaline 
maximum remained rather constant, irrespective of 
hypothermic preservation time (P = NS; Table 1). 
Similarly, steadynstate pHi values reached 10-15 min 
later were equivalent in all groups C*final pHi,* P = 
0.493; Table 1). Because Cl-yHCOo exchange activity is 
modulated by pHi (2), we also performed an analysis of 
covariance between the initial rate of pHi recovery and 
pHi (at the midpoint of the 1-min measurement inter- 
val) as a function of hypothermic preservation time. 
This statistical analysis confirmed that the activity of 
the CI'/HCOJ exchanger was not significantly affected 
by storage in cold UW solution for up to 72 h (P = 0.791; 
Table 1). ' . . 

Hepatocellular Na'--(HCO^)nCOtransport. In a second 
series of experiments, we determined the activity of the 
Na*-{HC0J )„ symport in cells maintained for up to 72 h 
in cold UW solution and rewarmed by short-term 
culture at 37*C. Hepatocytes perifused with a normal 

Table 1. Alkaline load by isohydric HCOj-COs step 



'nible 2. Acid load by NH4CI pulse in 



Time in UW 
Solution, h 






Initial Recovery 
Rato.pH 




laitial 


Nadir 


Final unit/min 


n 


0 
24 
48 
72 


7.23 ±0.02 
7.20 ±0.03 
7.17 ±0.02* 
7.17 ±0.02* 


6.91 ±0.04 7.16 ±0.03 0.098 ±0.010 7 
6.81 ±0.06 7.16 ±0.05 0.159 ±0.019* 7 
6.83 ±0.04 7.12 ±0.03 0.114 ±0.011 7 
6.76 ±0.06 7.10 ± 0.04 0.182 ±0.003* 7 


P (ANOVA) 


0.027 


0.166 


0.182 0.002 





pHi 



Tims in UW 
Sohxttoa,h 



Initial 



Maximum 
-f- 



Final 



Initial 
Raecnrsiy 
Itate,pH 
unit/xnin 



0 7.16 ±0.01 7.30 ±0.02 7.18 ± 0.01 -0.048 ±0.010 11 

24 7.14 ± 0.02 7.28 ± 0.02 7.18 ±0.02 -0.039 ±0.006 11 

48 7.13 ± 0.02 7.29 ±0.02 7.18 ± 0.02 -0.046 ±0.010 11 

72 7.11 ±0.01 7.24 ±0.02 7.15 ±0.01 -0.041 ±0.010 10 

0.108 0.493 0.694 
0.791 



P (ANOVA) . Q.130 
P(ANCOVA) 



Values are means ± SE; n, no. of cell preparations (animals), rather 
than no: of experiments. Initial intracellular pH (pHi) recovery rate 
liter alkaline load was measured by calculating slope over Ist mixL 
Statistical significance between group means was analyzed by one- 
way repeated measures analysis of variance (ANOVA). Analysis of 
covariance (ANCX)yA) was also performed on initial recovery rate as 
a function of preservation time using pHj (midpoint of measurement 
interval) as covariable, since CI/HCO3 exchange activity is known to 
be modulated by pHi (2). UW» University of Wisoonsin. 



values are means — oxj; **» no. 01 w** pr«jKiiauiw»*o \<m<mm»«>/» 
than no. of experiments. Initial pHi recovery rate after eiqx»ure to a 
2-min 20 mM NH4CI pulse was measured in presence of 50 \M 
ethyliaopropylamiloride. Statistical significance between group means 
waaanalysad fay oneway repeated measures ANOVA. * Significantly 
different from unstoied controls (0 h), P < 0.06 (Bonferroni'b met^). 

Krebs-Henseleit buffer generally exhibited steady- 
state pHi values be]lween_7.2 and 7.3, This baseline pH| 
decreased significantly as cold preservation time ex- 
ceeded 24 h (P = 0.027 by repeated measures ANOVA4 
lOAe 2). On administration of 20 mM NH4CI, pHi 
rapidly increased due to the entry of NHs and its 
protonation to NHJ (Fig. LB). Return to normal buffer 
caused pHi to drop by 0.3-0.4 pH unit, irrespective of 
the period of hypothermic storage (Table 2). The subse- 
quent recovery rate is known to reflect NaMHCOa )» 
cotransport activity when Na+/H+ exchange inhibitors 
are present (14). In the presence of 50 pM EIPA, the 
ias/dsl rate of pHi recovery increased significantly when 
cells were hypotherinically preserved in UW solution 
(P = 0.002 by repeated measures ANOVA; Table 2) with 
the exception of the 48-h time point Final pH values 
measured 10 min after the withdrawal of NH4CI had a 
tendency to decrease as a function of preservation time, 
but this effect did not reach statistical significance (P - 
•0.182 by repeated measures ANOVA; Table 2). 
. . Hepatocellular iVa+/H* exchange. In the last series 
of experiments, we evaluated ttie activity of the Na**"/!!"*" 
exchanger as a function of cold storage time. Steady- 
state pHi of cells kept for up to 72 h in UW solution at 
4*C and*Bubsequently incubated at 37'C was stable, 
tideed, hepatocytes perfused with bicarbonate-firee 
' HEPES buffer (see MATERIALS AND METHODS) exhibited 
baseline pH| of -7.1, . irrespective of cold preservation 
time (P = 0.803; Table 3). 

When cells were challenged with 20 mM NH4CI for 2 
min,. pHj decreased by -0.3 pH unit (Fig. IC). This 
nadir pHi (lowest point) was similar ia control cells and 
in hepatopytes stored for 24-72 h in cold UW solution 
CP = 0.978; 'ftible 3). On the other hand, final pHi values 
reached ->^10 min after the removal of NH4CI had a 
tendency to decrease in cells stored in the cold for a48 
h, but this effect did not 'rSach statistical significance 
(P = 0.115;T&ble3). 

As illustrated in Fig.- 2, the initial rate of recovery 
from nadir pHi similarly decreased as a function of cold 
preservation time from 0.100 ± 0.010 to 0.071. ± 0.010 
pH uniVmin between 0 and 72 h (Table 3). When 
evaluated by repeated measures ANOVA, this effect did 
not reach statistical significance because of the large 
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Table 3. Acid had by NH4CI pulse in HEPES buffer 



Time in UW — : 

Solution, h Initial 



pHi 



Nadir 



Final 



Initial Recovery 
Rate.pH 
unit/min 



0 
24 
48 
72 



7.10 ±0.02 6.84 ±0.03 7.06 ±0.02 0.100 ±0.010 17 

7.10 ±0.01 6.84 ±0.03 7.06 ±0.01 0.079 ±0.010 17 

7.09 ±0.01 6.82 ±0.03 7.04 ± 0.02 0.079 ±0.010 16 

7.09 ±0.02 6.83 ± 0.03 7.02 ±0.02 0.071 ±0.010 16 



P{ANOVA) 0.803 
P(ANCOVA) 



0.978 



0.115 



0.313 
0.049 



Values are meana ± S£; no. of cell pre|>aration8 (animals), rather 
than no. of experiments. Initial pHj recovery rate was measured after 
exposure to a 2-min 20 mM NH4CI pulse, Statistical significance 
between group means was analyzed by one-way repeated measures 
ANOVA. ANCOVA was also performed on initial recovery rate as a 
function of preservation time using pHf (midpoint of measurement 
interval) as oovariable, since Ha^/H* exchange activity is known to 
be modulated by pH{ (28). 

variability of the data.-However, part of this variability 
could be related to the known dependence of the 
Na'^/H* exchanger activity on pHi (28), as reflected in 
our conditions by the nadir pHj reached after the NH4CI 
pulse in individual experiments. We therefore per- 
formed an analysis of covariance between initial pHj 
recovery rate and pH^ (at the midpoint of the 1-min 
measurement interval) as a function of hypothermic 
preservation time. Figure 3 presents the relationship 
between initial pH recovery rate and pHj for controls (0 
h, Fig. 3A) and for cells kept for 24-72 h in cold UW 
solution (Fig. 3, jB-D). Analysis of covariance confirmed 
(P < 0.001) tha^t dpH/df was inversely related to pHi, as 
found in several Cells (25) including those of the liver 
(28). It further demonstrated that the rate of pft 
recovery decreased significantly as a function of cold 
preservation time (P 0.049). 
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Fig. 2. Representative recovery of hepatocellular pHi from an acid 
load in HEPES. buffer as a function of cold storage time. Representa- 
tive pHi changes obtained on withdrawal of NH4CI in control 
unstored cells (0 h) are compared with changes observed in cells 
maintained for 24, 48, and 72 h in cold UW solution before culture at 
37*C. For sake of clarity, traces were normalized to their respective 
nadir pHi (pHt - nadir pH|) and were chosen for their slopes that 
reflected overall mean values obtained in each group. 



midpoint pH| 

Fig. 3. Relationship between Na'^/H'^ exchange activity and pHt as a 
function of cold preservation time in UW solution. Initial pHj 
recovery rates (dpHydZ) observed for each cell preparation are plotted * 
against midpoint of pHi interval corresponding to 1-min measure- 
ment interval. Results of unstored control hepatocytes (A) are. 
compared with those obtained in cells maintained for 24 h (B), 48 h. 
(C), and 72 h {D) in cold University of Wisconsin (UW) solution before 
culture at 37*C. Analysis of covariance for repeated measiireB wbb . 
carried out on daily averages of esich preaervation time in each cell 
preparation. When known influence of pHt on dpH/d£ (2^.28) is taken 
into account and confirmed by such statistical analysis {p < 0.001), 
preservation time significantly decreases Na*/H* . exchange activity 
(P = 0.049). As preservation time increases, relationship between 
dpH/dt and pHi.<slope of curves) also appears to be bluntcKl, but this 
effect does not reach statistical significance (P « 0.166). 

Intrinsic buffering capacity. It is possible to utilize 
the instantaneous changes in pH| induced by the 
sudden addition or withdrawal of weak acids/bases, 
such as NH4CI or NaHCOs used in our experiments, to 
approximate the Pi of living cells (21, 30). We have 
calculated pi using the.pHj changes induced by the 
sudden withdrawal of NH4CI and by the isohydric step 
from 50 mM HCO3 -10% CO2 to 25 mM HCOj -5% CO2. 
As described in Table 4, Pi was unaffected, by cold 
preservation in UW solution for up to 72 h, irrespe.cftve 
of the parameter used to approximate its value. How- 
ever, as expected (2), Pj was greater at more acidic pH 
values (NH4CI pulse) than at more basic, ones 
(HCOj-COaStep). 

DISCUSSION 

The results obtained during this study confirmed 
that the UW preservation solution effectively preserves 
gross hepatocellular viability for extended periods of 
time. As observed in a parallel study (33), the gross 
viability of hepatocyte suspensions decreases only by 
-10%, even after 72 h in cold UW solution, compared 
with unstored controls (0 h). However, despite the 
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fable 4. Intracellular buffering capacity 

NH4a Pulse HCOa-COsStep^ 



time, h P( Midpoint pH) n Midpoint pHi n 



0 106.7 ±17.0 7.03 ± 0.02 17 54.9 ± 6.2 7.23 ±0.01 11 

24 101.1 ±15.8 7.03 ±0.02 17 49.9 ±5.1 7.21 ±0.02 11 

48 89.9 ±13.9 7.04 ±0.02 16 48.8 ±6.2 7.19 ±0.02 11 

72 91.1 ±16,0 7.04 ±0.02 16 48.7 ±4.7 7.17 ±0.01 10 



P(ANOVA) 0.162 0,940 0.430 0.236 

Values are means ± SE; no. of ceil preparations (animals), rather 
than no. of experiments. Intrinsic buffering capacity (Pi) was calcu- 
lated using sudden pH, changes induced by N^CI removal (Fig. IC) 
„r by return to 25 mM HCOJ-5% CO2 after isohydric steps (Fig, lA) 
and is e3q)ressed in mM/pH unit In both cases, midpoint pHf represents 
middle of interval over which sudden pHi clianges were observed. 
Statistical significances between group means were analyzed by 
line-way repeated measures ANOVA. 



mainteiiance of an apparently good cell viability, during 
cold preservation, a significant proportion of liver grafts 
display inappropriate function after transplantation (6, 
13, 35). In a recent review of clinical studies, several 
risk factors were associated with poor prognosis after 
liver transplantation (36). Among tihiese, the time spent 
by the donor organ in cold UW solution was considered 
i mportant in relative and absolute terms (36). Thus studies 
aimed at better understanding the disturbances that 
underlie the dysfunction of liver transplants should pro-^ 
vide avenues for the improvement of preservation solu- 
tions and, hence, of liver transplantation. ■ 

Among the several hypotheses advanced to explain 
such liver dysfunction, perturbations of hepatocellular 
pH homeostasis have been the focus of the present 
studies, lb that effect, we have used an in vitro model 
based on purified isolated rat hepatocytes preserved in 
cold UW solution and subsequently cultured in warm 
medium to mimic the cold preservation and warm 
reperfusion undergone by transplanted organs. Several 
studies by other laboratories have also used isolated 
cells to gain insight into liver ceD function after cold 
preservation in .UW solution (22, 32, 38), including 
studies oh the impact of external pH on such function 
(11). However, these studies and others (19, 31) were 
concerned only with steady-state pH changes and not 
with pH regulatory behavior. 

The present studies were therefore concerned with 
the impact of in vitro cold preservation and rewarming 
on the three major transporters involved in liver pHj 
regulation: the Na*-(HC03)„ cotransporter and the 
Cl~/HCOg and Na^/H*^ exchangers. Our results clearly 
demonstrate that preservation of suspended hepato- 
cytes for up to 72 h in cold UW solution followed by 
short-term culture at Sl^'C does not significantly modify 
the capacity of liver parenchymal cells to counter a 
sudden alkaline load. It was previously shown that 
recovery from such alkaline loads was Na* indepen- 
dent, electroneutral, and strictly CI" dependent, imply- 
ing that Cl'/HCOs exchange is the most important 
membrane transporter involved in such acid-loading 
compensatory ion movements (2). Our results now 



indicate that this transporter is quite resistant to 
prolonged hypothermia and subsequent rewarming. 

In contrast, the rate of pHj recovery from similar 
acidic nadir values induced by the classical NHiCl 
pulse technique (4) in HEPES buffer was 20-30% more 
sluggish in cells preserved for 24-72 h in UW solution 
than in unstored controls. Because Na'^/H'^ exchange is 
the only pH regulatory mechanism active in such 
experimental conditions [as established previously with 
EIPA (17)1, this result strongly suggests that the activ- 
ity of the hepatocellular Na+/H'^ exchanger is gradually 
and significantly decreased as a function of the time 
spent by the cells in cold UW solution. This was 
confirmed to be statistically significant by analysis of 
covariance that took into consideration the variations 
in dpHj/dt that were related to variations in nadir pHi. 
Indefed, it is well known that the activity of the Na+/H+ 
exchanger in liver (28) and other cells (25) increases as 
pHi decreases. Moreover, our experiments clearly show 
that the Pi of rat hepatocytes, measured in two^pHj ' 
ranges, is not significantly modified by cold storage in 
UW solution for up to 72 h. Our results thus imply that, 
at any given pHi, the acid-extruding activity of the 
Na+/H+ exchanger will be decreased as cold preserva- 
tion time is increased. This is also supported by the 
tendency (P = 0.115) of pHj to recover to gradually 
lower steady-state values after NH4CI pulses (final pHj 
in Table 3) as cold storage time increases. 

Our results are in contradiction with the preliminary 
studies reported by Hebling et aL (18). Unlike the 
present studies, they used ti^e EIPA-sensitive compo- 
nent of pHi recovery from an acid load induced by a 20 
mM NH4CI pulse in a bicarbonate-containing buffer to 
evaluate hepatocellular Na'^/H'^ exchange activity. They 
found no difference in initial recovery rates when the 
rat cells were stored for up to 48 h in UW solution and 
subsequently incubated at 37"G, thus suggesting that 
the Na^/H**^ exchange activity was well preserved. 
However, in these studies, unlike those presented here, 
fetal calf serum was added to the culture medium 
during rewarming. Such fetal bovine serum contains, 
several growth factors (which are present in higher 
concentrations than in the adult) and is one of the most 
powerful stimulators of the Na^/H"^ exchanger (25). It 
is therefore possible that Hebling et al. could not 
observe the mluced activity presented here because' 
the exchanger was maximally stimulated by serum in 
their incubation medium. This raises the interesting 
possibility that, despite its reduced activity as a func- 
tion of cold storage time, Na"^/H"^ exchange activity 
maintains its full capacity to be modulated by mito- 
gens. It must also be stressed that our experiments 
were carripd out on cells chosen by morphological 
' criteria for their closest correspondence to normal 
freshly isolated hepatOQrtes (see materiai^ and meth- 
ods). Thus it is probable that we are underestimating 
the true severity of the damage to the Na+/H+ ex- 
changer caused by cold preservation and rewarming. 

Moreover, using identical e^erimental conditions, 
our laboratory recently found that the rate of RVI 
observed after osmotically induced hepatocyte shrink- 
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age decreases significantly as a function of cold storage 
time (33). Such RVI in liver cells proceeds by simulta- 
neous increases in Na^^/H* and Cr/HCO.^ exchange 
activity accompanied by an increase in Na ' -K*-ATPase 
activity and a reduction in K+ permeability (16). The 
reduction in Na'^/H* exchange activity observed in the 
present studies can thus play a significant role in this 
phenomenon and may participate in liver dysfunction 
after transplantation. 

The molecular mechanisms underlying the compro- 
mised activity of the Na'^/H* exchanger after cold 
preservation and re warming remain unknown. One 
possibility is that the reduction in Na'^/H'^ exchange 
activity as a function of cold storage time stems from a 
decreased allosteric regulation by intracellular pro- 
tons. Alternatively, a decreased maximal transport rate 
may occur through a reduction in the number of 
Na*/H* exchangers in the membrane or through a 
decrease iti the intrinsic activity of each transport 
- molecukr -Further experiments -are -required to fully 
address this point. 

We have also evaluated the activity of the Na"^- 
(HCO3 )„ cotransporter by meg^uring the recovery from 
an acid load in bicarbonate bufifer containing the Na*/H* 
exchange inhibitor EIPA (37). Our laboratory has con- 
firmed that EIPA, at the concentration vsed here, 
completely abolishes hepatocellular Na+/H^ exchange 
. (17). Our results thus demonstrate that Na^-CHCOg )„ 
transport activity increases substantially and signifi- 
cantly after 24 and 72 h of cold storage in UW solution, 
whereas it is closer to control values after 48 h of 
hypothermic preservation. This indicates that the Na+- 
(HCO3 )„ cotransporter is also perturbed by cold pres- 
ervation and rewarming. As mentioned above, the 
hepatoc3rtes selected for study were probably the best 
preserved at all storage times. It is possible that the 
increased activity of the Na^-tHCOpn cotransporter 
observed here may have helped counter the failing 
Na'^/H^ exchange activity and given these cells a 
survival advantage. 

Despite the maintenance of appropriate C1"/HC0J 
exchange, the altered function of the Na^-dlCOa)^ 
symport and the gradual decrease in Na'^/H'*' exchange 
activity suggest that hepatocellular pH regulatory 
mechanisms may not function optimally to maintain 
pHi within its narrow physiological range as cold 
storage time increases. This contention is supported by 
the observation that baseline pHj values in bicarbonate 
buffer (initial pHi in Table 2) were significantly lower in 
cells preserved for >24 h.'This is also supported by the 
tendency CP = 0.130) of pHi to return to lower steady- 
state values after the acid load induced by the isohydric 
step from 25 mM HCOj-5% CO2 to 50 mM HCO3 -10% 
CO2 (initial pHi in Table 1, Fig. lA) as cold storage time 
increases. Indeed, this recovery depends on the coordi- 
nate activity of the Na''/H+ exchanger and of the NaV 
(HCOp^ symport (14). One can thus postulate that 
such slight but prolonged intracellular acidosis can 
result from active hepatic metabolism and secretion 
after cold preservation and rewarming. This could have 
deleterious effects on liver function and may partici- 



pate, at least in part, in the initial poor function or 
dysfunction obsei-ved in a signiificant proportion of li\ er 
grafts after transplantation (6, 13, 35, 36). 

Finally, clinical studies have found that preservation 
times >30 h in cold UW solution represent an absolute 
risk factor for poor transplantation prognosis (36). This 
corresponds to the time when altered pH (present 
studies) and volume (33) homeostasis become most 
evident in our in vitro model. Evidently, further studies 
with perfused livers and animal transplantation mod. 
els are required to ascertain the significance of our 
findings for liver transplantation. It is nonetheless 
justifiable and worthwhile to pursue in vitro studies, 
because such models may represent a useful, cost^ 
effective, and rapid method to deepen our understand- 
ing of the mechanisms underlying liver dysfunction 
aft^r cold preservation and rewarming. 

Once a parallel can be established with organ and in 
vivo models, in vitro models could also serve to screen 
modifications of presei*vation or rewarming conditions^ 
susceptible to iihprove the success rate of transplantation. 

In conclusion, our studies suggest that hypothermic 
preservation of liver cells followed by rewarmirig attenu- 
ates their Na^/H"^ exchange activity and disturbs their 
Na^-dlCOpn cotransport activity but does not affect 
their Cl'/HCOs membrane transport function. This 
perturbation of pH regulatory mechanisms may partici- 
pate in rendering certain transplanted organs (espe- 
cially those preserved for long periods in cold UW 
solution) more prone to pHj disturbances stemming 
from active metabolism after reperfusion. 

We thank Drs. R. Laprade and J. No§l for critical reading of the 
manuscript. 

These studies were supported by Medical Research Coiindl of 
Canada Program Grant PG- 11118. D. A. Forestal is the recipient of a 
studentship from the Groupe de Recherche en Transport Membra- 
naire made possible by an infrastructure grant of the Fonds pour la 
Formation des Chercheurs et I'Aide a la Recherche du Quebec. P.. 
Haddad is a chercheur-boursier (research scholar) of the Fonds de la 
Recherche en Sante du Quebec. 

Address for reprint requests: P. Haddad, Dept de Pharma- 
cologie, Faculty de M^decine. University de Montreal, CP 6128, 
Succursale Gentre-Ville, Montreal. PQ, Canada HSC 3J7 (E-maih 
haddadpi®ere.umontr8al.ca). 

Received 14 February 1996; accepted in final form 3 October 1996. 

REFERENCES 

1. Belzer, F* and J*. H. Southard. Principles of solid organ 
preservation by cold storage. Tyansplantatian 45: 673-676, 1988. 

2. Benedetti, A., M. Strazzaboscp, J. G. Corasantit P. H^dad, 
J. Graf, and J. L. Boyer. Cl'-HCOs exchanger in isolated rat 
hepatocytes: role in regulation of intracellular pH. Anu J- 
Physiol. 261 {GastrointesL Liver Physiol 24): G512-G522, 1991. 

3. Benedetti) A., M. Strazzabosco, O. C. Ng, and J. L. Beyer. 
Regulation of activity and apical targeting of the C1"/HC0^ 
exchanger in rat hepatocytes. Proc. Natl Acad. Sci. USA 91; 
792-796; 1994. 

4. Boron, W. F., and P. De Weer. Active proton transport stimula- 
tion by COa/HCOj blocked by cyanide. Nature 259: 240-241. 
1976. 

5. Calwell-Kenkel, J. R. T. Currin, Y. Tanaka, R. G. Thur- 
man, and J. J. Lemasters. Kupffer cell activation and endothe- 
lial cell damage after storage of rat livers: effects of reperfusion- 
Hepatology 13: 83-95, 1991. 



LIVER i«H REGULATION AFTER COLD HYPOXIA AND REWARMING 



G645 



6 Clavten, P. P. Robert, C. Harvey, and S. M. Strasberg. 

' Preservation and reperfusion injurieb in liver allografts. 7Van«- 

plantation 53: 957-978, 1992. 
7, Corasanti, J. G., D. Gleeson, and J. L. Boyer, Effects of 

osmotic stresses on isolated rat hcpatotytes. I. Ionic mechanisms 

of cell volume regulation. Am. J, PhysioL 258 {Gastrointcst, Liver 

PhysioL 21): G290-G298, 1990. 
B, De Duve, and H. Beaufay. Tissue fractionation studies. 10. 

Influence of ischaemia on the state of some bound enzymes in rat 

liver. Biochem, J. 73: 610-616, 1959. 

De Groot» H., and M. Brecht. Reoxygenation iryury in rat 
liepatocytes: mediation by Oif^tO-i liberated by sources other 
than xanthine oxidase. BioL Chem. Hoppe Seyler 372: 35-41, 
1991. 

10. Fitz, J. Gm M. Persico, and B. F. Scharschmidt. Electrophysi- 
ological evidence for Na** -coupled bicarbonate transport in cul- 
tured rat hepatocytes. Am. J, Physiol. 256 {Gastroinlest. Liver 
PhysioL 19): G491«G500, 1989. 

1 1 . Fox, L. D. C. Marsh, J. H. Southard, and F. O. Belzer. The 
effect of pH on the viability of hypothermically stored rat 
hepatocytes. Cryobiology 26: 186-190, 1989. 

12. FuUer, B. Jl, A. L. Busza, E. Proctor, M* Myles, D. G. Gadiah, 
and K. E. F. Hobbs. Control of pH hypothermic liver storage: the 
roleof storage sbfulJon.?>a^ 

\:\, Furukawa, S. Todo, and O. Imventarza. Effect of cold 
ischemia time on early outcome of human hepatic allografts 
preserved with UW solution. Ti-anspUmtation 51: 1000-1004. 
1991. 

U. Gleeson, D., N. D. Smith, and J. L. Boyer. Bicarbonate- 
dependent and -independent intracellular pH regulatory mecha- 
nisms in rat hepatocytes. Evidence for Na'^-HCO, cotransport.J. 
Clin. Invest. 84: 312-321, 1989. 

In. Gores, G. J., D. M. Ferguson, J. Ludwing, R. Steffen, and 
R. A. F. Krom. Effect of acidosis during cold ischemic storage on 
liver viability following transplantation in the rat. JYansplant. 
Proc, 22: 488-489, 1990. 

U». Haddad, P^ and J. Graf. Volume-regulatory K+ fluxes in the 
isolated perfused rat liven characterization by ion transport 
inhibitors. Am. J. PhysioL 267 {Gastrointest. Liver PhysioL 20): 
G357-G363, 1989. 

17. Haimovici, J., J.- S. Beck, D. Vallerand, C. Molla-Hosseini, 
and P. Haddad. Different modulation of hepatocellular Na*/H* 
exchange activity by insulin and EGF. Am. J. PhysioL 267 
{GastroinUst. Liver PhysioL 30): G364-G370, 1994. 

IB. Hebling, B., B. Humi, and E. L. Renner. Preservation in 
University of Wisconsin solution (UW) does not affect the func- 
tion of the major hepatocellular defense mechanisms against 
intracellular acidosis (Abstract). Hepatology 20: 193A, 1994. 

19. Kalra, J., A* K. Chaudary, K. L. Massey, and K. Prasad. 
Effect of oxygen free radicals, hypoxia and pH on the release of 
liver lysosomal enzymes. MoL Cell. Biochem. 94: 1-8, 1990. 

20. Lie, T. S., and M Ukikusa. Significance of alkaline preserva- 
tion solutions in liver transplantation. Tyansplant. Proc. 16: 
134-137,1984. 

21. Macri, P., S. Breton, J. S. Beck, J. Cardinal, and R. Laprade. 

Basolateral K*, Cl~, and HCO3 conductances and cell volume 
regulation in rabbit PCT. Anu J, PhysioL 264 iHenal Fluid 
Electrolyte PhysioL. 33): F365-F376, 1993. 



22. Marsh, D. C, F. O. Belzer, and J. H. Southard. Hypothermic 
preservation of hepatocytes. II. Importance of Ca**^* and amino 
ucids. Cryobiology 27: 1-8, 1990. 

23. Marsh, D. S. L. Lindell, L. E. Fox, F. O. Belzer, and J. H, 
Southard. Hypothermic preservation of hepatocytes. I. Role of 
cell swelling. Cryobiology 26: 524-634, 1989. 

24; Meier, P. J., R G, Knickelbein, R. H, Moseley, J. W. Dob- 
bins, and J. L. Boyer. Evidence for carrier-mediated chloride/ 
bicarbonate exchange in canalicular rat liver plasma membrane 
vesicles. «/. Clin. Invest. 75: 1256-1263, 1986. 

26. Moolenaar, W. H. Effects of growth factors on intracellular pH 
regulation. Annu. Rev. Physiol. 48: 363-376; 1986. 

26. Moseley, R. H,. P. J. Meier, P. S. Aronson, and J. L. Boyer. 
Na-H exchange in rat liver basolateral but not canalicular 
plasma membrane vesicles. Am, J. PhysioL 250 (Gastrointest. 
Liver PhysioL 13): G35-G43, 1986. 

27. Moule, S. and J. D, McGivan. Epidermal growth factor and 
' cyclic AMP stimulate Na"* /!!* exchange in isolated rat hepato- 
cytes. Eur. J. Biochem. 187: 677-682, 1990. 

28. Renner, E. L., J. R. Lake, M. Persico, and B. F. Schar- 
schmidt. Na*-H* exchange activity in rat hepatocytes: role in 
regulation of intracellular pH. Am. J. Physiol. 256 {Gastrointest. 
Liver Phy.sioL 19): GU-G52A9S9r ' - 

29. Renner, E. L., J. R. Lake, B. F. Scharschmidt, B. Zimmerli, 
and P. J. Meier, Rat hepatocytes exhibit basolateral Na ^/HCOi 
cotransport. J. Clin. Invest. 83: 1225-1235, 1989. 

30. Roos, A.^ and W. F. Boron. Intracellular pH. PhysioL Rev. 61: 
296-434. 1981. 

31. Rossaro, L., N. Murase, C. Caldwell, F. Hassan, A. Gasavilla, 
T. E. Starzl, C. Ho^ and D. H. Van Thiat Phosphorus 31- 
nudear magnetic resonance spectroscopy of rat liver during 
simple storage or continuous* hypothermic perfusion. J. Lab. 
Clin. Med. 120: 559-568, 1992. 

32. Sandker, G. W., M. J. IL Sloofl; and G. M. M. Groothuis. 
Drug transport, viability and morphology of isolated rat hepato- 
cytes preserved for 24 hours in University of Wisconsin solution. 
Biochem. Pharmacd. 43: 1479-1486, 1992.^ 

33. Serrar, H«, and P. Haddad. Effects of cold preservation and 
rewarming on liver cell volume regulation and concentrative 
amino acid uptake. Gastroenterology. In press. 

34. Southard, J. H., B. Den Butter, D. C. Marsh, S. Lindell, and 
F. O. Belzer. The role of oxygen free radicals in organ preserva- 
tion. iCZm. Wochenschr. 69: 1073-1076. 1991. 

35. Starzl, T. E., A. J. Demetris, and D. V. ThieL Liver transplan- 
tetion.//. EhgL J. Med. 321: 1014-1022. 1989. 

36. Strasber^, S. M., T. K. Howard, E. P. Molmenti, and M. HertL 
Selecting tiie donor liver: risk factors for poor function after 
orthotopic liver transplantation, Hepatology 20: 829-838, 1994. 

37. Vigne, P.; 0. Frelin, E. J. Cragoe, Jr., and M. Lazdunski 
Ethylisopropyl-amiloride: a new and highly potent derivative of 
amiloride for the inhibition of the Na*/H'' exchange system in 
various cell types. Biochem. Biophys. Res. Commun. 116: 86-90, 
1983 

38. VreugdenhU, P. IC, D. C. Marsh, F. O. Belzer, and J. H. 
Southard. Urea and protein synthesis in cold-preserved isolated 
rat hepatocytes. Hepoto/ogy 16: 241-246, 1992. 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SffiES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 



□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct tlie image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




LINES OR MARKS ON ORIGINAL DOCUMENT 



